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Abstract
Catalytic upgrading of paddy husk was performed over 10-MR zeolites (MCM-22, ITQ-2 and ZSM-5) in a drop type 
fixed-bed reactor. This work investigated the role of structure and acidity of zeolites on pyrolysis-oil yield and degree 
of deoxygenation. Catalytic pyrolysis experiments were carried out at the catalyst/biomass ratio (0.05 -0.5) at 
temperature of 450 °C. The oil yield decreased by using catalyst and this decrease oil yield is attributed to catalytic 
cracking of bio-oil vapor on the catalyst. The route for deoxygenation of pyrolysis vapors was identified to be 
dehydration, decarboxylation and decarboxylation. ITQ-2 showed high degree of deoxygenation as compare to 
MCM-22 which is due to more accessible external active sites of ITQ-2.The organics yield in pyrolysis oil was 
highest with ZSM-5 in comparison with other zeolites. 
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1. Introduction
With growing economy, the energy demand increases that affect changes in the energy consumption 
pattern which in turn varies with the source and availability, conversion loss and end use efficiency [1]. 
There is a necessity to explore the renewable energy resources including waste streams and develop 
conversion technologies for the most efficient utilization of such resources. The concept is based on 
biomass wastes which are converted into valuable energy. Biomass is considered as the most important 
energy resource in Malaysia that has huge potential to overcome the increasing energy demands towards 
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climate change mitigation [2-5]. Malaysia is one of the foremost agricultural countries that make it an 
ideal candidate for power generation from agricultural wastes in the world. Paddy husk is suggested to be 
a major potential resource for power generation in Malaysia, after wood and palm oil [6]. A recent study
reported that by the year 2020 Malaysia will produce around 768,290 tons of rice husks [7]. This potential 
lignocellulosic biomass residue possesses several properties that make it suitable as a feedstock for 
thermal conversion to bio-fuel. Lim et al. [7] reviewed the efficient utilization of rice husk to valuable 
energy products by employing thermo-chemical and bio-chemical processes. The rice husk composition 
was as, cellulose 28.6 wt.%, hemi-cellulose 28.6 wt.%, and lignin 24.4 wt.%. To date, fast pyrolysis has
proved to be the best technique for efficient conversion of biomass residue to bio-oil and bio-char through 
various fixed-bed pyrolysis reactors [8-9]. The challenge in biomass pyrolysis is to produce high quality 
bio-oil by low-cost upgrading process. One of the methods of improving bio-oil quality is the addition of 
catalysts (acidic, medium pore size and renewable) into the fast pyrolysis process. 
Previous studies on in situ catalytic upgrading process of paddy husk are limited. The recent studies 
studied catalytic pyrolysis of biomass using commercial zeolites [10-14]. They reported the use zeolites 
and zeolite-like materials as an efficient and effective medium in catalytic fast pyrolysis. The related 
studies on effects of zeolites structure and acidity on bio-oil yield and pyrolysis vapors deoxygenation is 
still limited. MCM-22 and its delaminated counterpart, ITQ-2 possesses unique features like high external 
surface area and better pore dimension [15]. The present work investigates the role of structure and acidity 
of zeolites on pyrolysis-oil yield and degree of deoxygenation. 
2. Materials and methods
2.1. Biomass and Catalyst
Paddy husk was obtained from a local rice mill in Perak, Malaysia. Before pyrolysis, the sample was
grinded, sieved up (100>p>355 μm) and dried in electrical oven for 24 h at 105 °C to ensure reduction of 
moisture content. Commercial zeolite MFI ZSM-5 (30) was used. The layered zeolite structure, MCM-22 
and the delaminated aluminosilicate, ITQ-2, at Si/Al ratio of 35 were synthesized from layered zeolite 
precursor, MCM-22 (P), using the similar method described in the literature [12]. The proximate analysis 
was performed to measure the moisture content, ash content, and volatile matter of solid biomass using 
the ASTM standards. The textural properties and acidity of the zeolites were measured by N2
adsorption/desorption on a Micrometrics ASAP 2010 and temperature-programmed desorption of 
ammonia.
Figure 1: Schematic diagram of drop type pyrolyzer
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2.2. Experimental setup and Catalytic upgrading
A drop type fixed-bed pyrolyzer was used to conduct the fast pyrolysis experiments (Fig. 1). The 
experimental setup consisted of a cylindrical reactor made of stainless steel with 53 mm internal diameter 
and 166 mm height. The pyrolyzer was installed inside an electrical heater and was insulated to enable the 
heating of the reactor up to 600 °C. The reactor was equipped with a biomass holder and both vacuum 
and nitrogen used to replace the air inside the pyrolyzer with nitrogen. A K-type thermocouple was 
inserted inside the pyrolyzer to record the temperature in the reaction zone. The pyrolyzer was connected 
to ice-trap immersed in ice-water bath to condense the pyrolysis vapors. The outlet of the ice-trap was 
connected with the gas sampling bag to collect the non-condensable gases. Catalytic upgrading
experiments were carried out at the pyrolysis temperature of 450°C with catalyst to biomass ratio (0.05 to 
0.5) to evaluate the impact of the catalyst on products yield. 10 grams of paddy husk was used for each 
run. Pyrolysis was terminated in less than 10 min. The pyrolysis process resulted in solid, liquid and gas 
products. The solid product remained in the reactor was collected and weighed. The liquid product (bio-
oil) was collected in a trap maintained at the temperature of 0 - 5°C and weighed. The mass of gas 
product was estimated from the overall material balance. The ultimate analysis of biomass and pyrolysis-
oil was carried out with an Elemental CHNS/O 2400 analyser. The water content of the bio-oil was 
determined through Karl Fischer Titrator. The gases were analysed using a GC equipped with a TCD. The 
chemical composition of bio-oil was analysed using GC-MS [11].
3. Results and discussion
3.1. Characterization of biomass and zeolites
In proximate analysis, the paddy husk has 1.37 wt.% moisture, 11.98 wt.% ash, 74.53 wt.% volatiles 
and 12.11 wt.% fixed carbon. Oxygen and carbon were the dominant elements 51.18 wt.% and 42.78 
wt.% respectively. Zeolite textural and acidity properties are shown in Table 1. The delaminated catalyst 
has exhibited the typical characteristics of MWW topology and has irregular size and shape. ITQ-2 
exhibited higher weak brönsted active sites as compared to MCM-22. ITQ-2 possesses higher external 
surface area (442 m2/g) than MCM-22 (100 m2/g), ZSM-5 (141 m2/g) which is consistent with a 
successful delamination and thus might aggregate more mesopores. ZSM-5 catalyst has higher number of 
acid sites as compared to MCM-22 and ITQ-2 which is expected to influence the deoxygenation behavior.
3.2. Effect of catalysts on bio-oil yield
The impact of catalyst on pyrolysis products yield at 450 °C is depicted in Figure 1. The catalytic 
pyrolysis oils were found in two-phases. The bottom phase comprises of a mixture of black solid particles 
and tarry liquid and its amount is negligible compared to the top phase, which is transparent and brown.
Table 1: Properties of zeolites used in this study
Catalyst Smic (m2/g) Sext (m2/g) Vmicro (cm3/g) Number of acid 
active sites (µmol/g)
MCM-22 (35) 326 100 0.12 530.10
ITQ-2 (35) 598 442 0.07 770.02
ZSM-5 (30) 390 141 0.12 1152.32
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Figure 2: Products yield of non-catalytic and catalytic pyrolysis products with different zeolites.
Figure 1 shows that the bio-oil yield in experiments with catalyst is significantly lower than the bio-oil 
yield in experiments without using catalyst i.e. the maximum oil yields with MCM-22, ITQ-2 and ZSM-
5 (13.00, 13.62 and 13.67%) are lower than that of non-catalytic pyrolysis oil yield (19.7%). The lower 
bio-oil yield is due to; (i) the cracking of pyrolysis vapors on the surface of catalysts that resulted in coke 
formation and (ii) the generation of larger quantity of gaseous products as compared to gas formation in 
non-catalytic pyrolysis. 
In comparison to various catalyst/biomass loadings, the yield of organics oil was in the order ITQ-
2<MCM-22<ZSM-5. This is due to ITQ-2’s higher external surface area than MCM-22. Higher external 
surface area makes the reactant more accessible to the catalytic site, and mitigates plugging of pores by 
coking. Corma et al. [15] reported that n-decane cracking was faster on MCM-22 than ITQ-2 and 
triisopropylbenzene (TIPB) was decomposed faster on ITQ-2 than MCM-22. They explained that the 
former trend is caused by easy diffusion of n-decane through 10-MR windows. On the contrary, bulky 
TIPB reacts at only external surface area, which is abundant on ITQ-2. Antunes et al. [16] used MCM-22 
and ITQ-2 for dehydration of xylose to form furfural, and found that ITQ-2 gave a slightly higher 
conversion and yield than MCM-22 in water at 170 Û&. Carlson et al. conducted fast pyrolysis of cellulose 
in pyro probe reactor with the commercial ZSM-5 [17]. The strong acidity and small pore size of the 
ZSM-5 might be the reason for higher deoxygenation. Samolada et al. carried out the flash pyrolysis with 
HZSM-5 and used the in-bed process (catalyst mixing with feedstock) and ex-bed process (without
mixing) in a piston reactor [18]. The results indicated that the bio-oil yield was decreased while the gas 
product yield increased by using in-bed process.
3.3. Effect of catalysts on gas composition
Figure 2 shows the gas composition from non-catalytic and catalytic pyrolysis. The composition of 
hydrogen (H2) and methane (CH4) in the pyrolysis gas did not show considerable increase in all three 
catalytic pyrolysis experiments in comparison with non-catalytic pyrolysis. However, the composition of 
gas significantly varied in terms of increased CO and CO2 concentrations in the product gas with catalytic 
pyrolysis. 
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The comparative analysis of used catalysts and catalyst loading (catalyst to biomass ratio) showed 
higher degree of CO and CO2 formation when using ZSM-5 than ITQ-2 and MCM-2 but negligible 
difference in terms of CH4 and H2 formation. The deoxygenation of biomass followed the route; 
Dehydration>>Decarboxylation>>Decarbonylation.
Figure 2: Gas composition of non-catalytic and catalytic pyrolysis runs in volume %.
3.4. Effect of catalysts on deoxygenation of biomass pyrolysis vapors
Degree of deoxygenation is used to estimate the amount of oxygen that has been rejected from the 
biomass and retained in the bio-oil. Figure 3 shows the results of degree of deoxygenation of pyrolysis 
oils by using MCM-22, ITQ-2 and ZSM-5 catalysts. To calculate the DOD, following expression is used 
[11];
Degree of deoxygenation = (1-[O]bio-oil / [O]biomass) x 100       (1)
Where [O] is oxygen content (mass). 
Figure 3: Degree of deoxygenation of non-catalytic and catalytic pyrolysis experiments.
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In the non-catalytic experiment, the oxygen removal is significantly less as compared to catalytic 
experiments. The catalyst helped to remove more oxygen from the original biomass. The results showed 
that the catalyst/biomass ratio 0.5 at 450 °C, ZSM-5 removed more oxygen (84.60 %) as compared to 
MCM-22 (72.70%), ITQ-2 (80.57%) and non-catalytic (46.70%). As it was observed that in the presence 
of catalyst, oxygen in the biomass was removed mostly as H2O and as CO2/CO at higher pyrolysis 
temperatures (> 450 °C). William et. al. [19] reported the by using MFI zeolite catalyst (ZSM-5) in the 
pyrolysis of rice husk in fixed-bed system achieved higher degree of deoxygenation. The results from 
pyrolysis products and gaseous compositions, ZSM-5 and ITQ-2 produce more water and gas, hence 
resulted higher deoxygenation degree.
3.5. Effect of catalyst on composition of bio-oil
The bio-oil analyzed using GC-MS was classified into several groups; acids, ketones, aldehydes, 
alcohols, furans, sugars, phenolics and aromatic hydrocarbons. The presence of oxygenated compounds in 
the bio-oil can be harmful because they may cause corrosion in transport pipes when it is used as fuel [20-
21]. Figure 4 shows the product distributions of chemical compounds. The catalyst exhibited sufficient 
number of acid active sites and better pore structure were responsible for high production of aromatic 
hydrocarbons. These oxygenated compounds were also shown to be reduced by catalytic upgrading. On 
the other side, aromatic hydrocarbons, which are high-value species, was increased when catalyst were 
employed. ITQ-2 reduced acids, ketones, aldehydes, alcohols and furans remarkably than MCM-22 and 
ZSM-5. ITQ-2 provided acid active sites on the external surface which helps to crack and dehydrate 
oxygenates into small one that can enter the pores. ZSM-5 produced more phenolics than MCM-22. 
These could be attributed to cracking of oxygenates at active sites of the external surface of ZSM-5. ITQ-
2 provide large pore size which led to the more decomposition of sugar compound e.g. Levoglucosan.
ITQ-2 produced higher aromatic hydrocarbons and reduced oxygenated compounds than MCM-22 and 
ZSM-5.
Figure 4: Product distribution obtained from non-catalytic and catalytic pyrolysis.
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4. Conclusion
Catalytic upgrading of paddy husk pyrolysis vapors is investigated over 10-MR zeolite catalysts in a 
drop type fixed-bed pyrolyzer. Biomass conversion into desirable components is a pore size and shape 
selective reaction and caused by the mass transfer effects linked to pore window size and external surface 
area of zeolites. ITQ-2 possesses high external surface area than MCM-22 which reduces the mass 
transfer hindrance and showed better deoxygenation degree. ZSM-5 is a medium-pore zeolite and due to 
high acid strength, it showed better biomass conversion and DOD. From pyrolysis products perspective, 
the organics yield in pyrolysis oil was highest with ZSM-5 in comparison with other zeolites.
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